Cyswllt i'r cyhoeddiad / Link to publication Dyfyniad o'r fersiwn a gyhoeddwyd / Citation for published version (APA): Abstract 26 This study systematically examined the influence of carbohydrate (sucrose), sodium and 27 caffeine on the fluid retention potential of beverages under euhydrated conditions, using the 28 beverage hydration index (BHI) method. Three cohorts, each of 12 young, healthy, active men, 29 ingested 1L of beverages containing four different concentrations of a single component 30 (sucrose, sodium or caffeine) in a double blind, crossover manner. Urine output was collected 31 for the subsequent 4-h. Cumulative urine output was lower and net fluid balance were higher 32 after 10% and 20% sucrose beverages than 0% and 5% sucrose beverages (P<0.05), and after 33 27mmol/L and 52mmol/L sodium beverages than 7mmol/L and 15mmol/L sodium beverages 34 (P<0.05). No difference in urine output or net fluid balance was apparent following ingestion of 35 caffeine at concentrations of 0 -400 mg/l (P=0.83). Consequently, the calculated BHI was 36 greater in beverages with higher sucrose or sodium content, but caffeine had no effect. No 37 difference was observed in arginine vasopressin or aldosterone between any trials. These data 38 highlight that the key drivers promoting differences in the fluid retention potential of 39 beverages when euhydrated are energy density, likely through slowed fluid delivery to the 40 circulation (carbohydrate content effect), or electrolyte content through improved fluid 41 retention (sodium content effect). These data demonstrate that beverage carbohydrate and 42 sodium content influence fluid delivery and retention in the 4-h after ingestion, but caffeine up 43 to 400mg/L does not. Athletes and others can use this information to guide their daily 44 hydration practices.
when there may be limited access to beverages and when access to facilities for urination are 76 restricted, e.g. when travelling.
78
To date, there have been no systematic evaluations of the effect of key beverage components 79 on the retention of beverages during rested euhydrated conditions. For example, the dose of 80 caffeine administered is likely to be key, as doses of caffeine up to 452mg may not induce a 81 significant diuresis vs. matched volumes of water in habitual caffeine users (Armstrong et al.,
82
2005; Killer et al., 2014; Maughan & Griffin, 2003) . Recent evidence suggests that only high 83 doses >500mg of caffeine may induce diuresis (Seal et al, 2017) but no systematic evaluation 84 of caffeine dose on fluid balance has been conducted under standardized euhydrated 85 conditions. Furthermore, one study has examined the influence of carbohydrate content of 86 drinks (3% vs 6% carbohydrate) on fluid delivery / retention at rest without prior exercise in 87 mildly dehydrated participants. Over a short follow-up period of only 1-h, no differences were 88 noted for proportion of fluid volume retained between trials (Logan-Sprenger & Spriet, 2013) .
89
A recent investigation examined the hydration potential of an amino acid based ORS, a glucose 90 containing ORS and a sports drink and it was demonstrated that the electrolyte content is the 91 primary driver of the fluid retention potential of beverages (Sollanek et al., 2018) . These 92 studies provide some insight but did not systematically examine dose-response effects of 93 different beverage components. 94 95 euhydrated conditions. 98 99 Therefore, the objective of the present study was to explore the dose-response effects of 100 individual beverage components (sodium, sucrose and caffeine) on the hydration potential of 101 beverages, expressed as the BHI, when ingested under standardized euhydrated conditions. By 102 characterizing the effects of these individual components, we aimed to provide further insight 103 into the factors that determine the BHI response. We hypothesized that increasing the 104 content of sodium and sucrose would increase the ability to retain fluid of beverages Figure 1A ). Participants with a history of cardiovascular, renal, musculoskeletal, or metabolic diseases, as determined from a pre-participation health screen 114 questionnaire, were excluded. Using the experimental approach reported previously 115 (Maughan et al., 2016) , each site compared the effect of a control beverage and beverages 116 containing three levels of a single component on post-ingestion fluid balance; Loughborough-117 caffeine, Stirling-sucrose, Bangor-sodium. Briefly, all urine passed over the 4-h post-ingestion 118 period was collected and expressed as a fraction of that on the water trial. Participants any exercise performed in a diary, over the 2-days before the first trial and referred to this beverages in the 24-h preceding trials. Compliance was verified verbally with the participants 124 on arrival at the laboratory. Approval for the study was obtained from each of the local Ethics 
179
Whole blood in the serum tube was allowed to stand for 1-h at room temperature to clot 180 before centrifugation (10min, 4°C, 2000-3000g). Serum was dispensed and stored at 4°C for The beverage hydration index (BHI) (Maughan, et al., 2016) was obtained by dividing the total 189 urine output over a period of time for the control beverage by the total urine output for the 190 same period of time after the test beverage was ingested. 
215
Forty participants were recruited: loss to follow-up occurred because of vomiting after 216 beverage ingestion (n=2), or because of voluntary withdrawal from the study (n=2), resulting in caffeine trials, respectively. The CV for initial serum osmolality was 0.7%, 1.0% and 0.7% for all 223 sucrose, sodium and caffeine trials, respectively. The CV for initial urine osmolality was 37%,
224
39% and 24% for all sucrose, sodium and caffeine trials, respectively.
226
Blood glucose, serum sodium and plasma caffeine responses 227 Blood glucose concentration was greater after ingesting beverages containing sucrose ( Figure   228 2A, P<0.01). Up to 1-h after beverage ingestion, blood glucose remained higher after the 20% 229 sucrose beverage than the 0% and 5% beverages. Blood glucose was then similar between 230 beverages for the remainder of the 4-h with exception of the 10% sucrose beverage being 231 lower than the 0% and 20% beverages at 2-h. Serum sodium was not changed after ingesting 232 beverages of different sodium contents (Figure 2B) . Plasma caffeine content increased in a 233 dose-dependent manner (Figure 2C , P<0.01).
235
Urine output and fluid balance responses to sucrose 236 Immediately after ingesting the different sucrose beverages, urine mass was similar (P=0.12).
237
Cumulative urine output was lower and net fluid balance higher at 1-h, 2-h and 3-h after 238 ingestion of the 10% and 20% sucrose beverages than the 0% and 5% sucrose beverages 239 ( Figures 3A & 3B, P<0.05) . Throughout the 4-h period, cumulative urine output was lower and 240 net fluid balance higher after the 20% sucrose beverage than the 0%, 5% and 10% beverage 241 (P<0.05). The effect sizes at 2-h compared with the 0% beverage were 1.46 for the 20% 242 sucrose beverage and 0.73 for the 10% sucrose beverage. The mean differences in urine output compared with the 0% beverage were 500g (95%CI: 399, 601g) for the 20% sucrose 244 beverage and 189g for the 10% sucrose beverage (95%CI: 87, 290g).
246
Urine output and fluid balance responses to sodium 247 One hour after ingesting different sodium beverages urine mass was similar (P = 0.30), but 2-248 h, 3-h, 4-h after ingestion cumulative urine output was lower and net fluid balance higher after 249 the 27mmol/L and 52mmol/L sodium beverages than the 7mmol/L and 15mmol/L beverages 250 (Figures 3C & 3D, P<0.05) . The effect sizes at 3-h compared with the 7mmol/L beverage were 
260
Beverage Hydration Index
261
Based on our previous observations, a calculated BHI exceeding twice the CV of the BHI index 262 can be considered as meaningful, representing a better fluid retention (Maughan et al., 2016) .
263
BHI was greater in drinks with higher sucrose and sodium content, but was not affected by 264 caffeine content (Figure 4, P<0.05) . After 1-h, 2-h, 3-h and 4-h, 20% sucrose beverage had 265 higher BHI than control (0% sucrose beverage) and at 2-h and 3-h was higher than 5% sucrose 266 beverage (P<0.05). After 2-h, 3-h and 4-h the 27mmol/L and 52mmol/L sodium beverages had similar irrespective of the sucrose, sodium or caffeine content of beverages (Table 3) .
272
Immediately after and in the first hour after ingestion of 10% and 20% sucrose content 273 beverages, serum osmolality increased, and was different to control and to 5% sucrose 274 beverage (P<0.05), while it was relatively unchanged and similar after 0% and 5% sucrose 275 beverage ingestion (Figure 5A) . In contrast, immediately after ingestion of sodium beverages, 276 serum osmolality decreased but to a less extent of 52mmol/L sodium beverage in comparison 277 with the control (Figure 5B, P<0.05) . Osmolality was not measured in caffeine trials.
279

Discussion
280
In the present study cumulative urine output was lower and net fluid balance higher 4-h after 281 the ingestion of the 10% and 20% sucrose beverages than after the ingestion of the 0% and 5% 
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In our previous work (Maughan et al., 2016) , we were able to quantify the hydration potential 292 of commercially-available drinks using a beverage hydration index (BHI). The BHI was postulated to be related to energy density and electrolyte composition, both of which can 294 affect fluid delivery and retention. However, combinations of key components (e.g.
295
macronutrients, electrolytes and caffeine) at different doses could influence gastric emptying,
296
intestinal absorption, and fluid retention characteristics. The results of the present study 297 reveal that, in comparison to control beverage, under euhydrated conditions a sucrose content 298 of up to 5%, a caffeine content of up to 400mg/L, and a sodium content of up to 15mmol/L all 299 have no effect on the BHI. However, 10% and 20% sucrose beverages, and beverages 300 containing 27mmol/L and 52mmol/L sodium result in reduced diuresis. Given that these test 301 drinks were examined under euhydrated conditions, the reduced urine output likely occurred 302 due to mechanisms involving a combination of altered gastric emptying (Hunt & Stubbs, 1975) 303 and intestinal absorption (Leiper, 2015) . Furthermore, the electrolyte content has potential 304 effects on fluid retention independent of hormonal controls (Schedl & Clifton, 1963) .
306
Gastric emptying, intestinal absorption and renal excretion of fluids 307
Early studies demonstrated that the addition of sodium to test drinks with low glucose content 308 increased the rate of gastric emptying (Hunt & Pathak, 1960) and intestinal absorption (Phillips reduced the rate of gastric emptying compared to water, that warm/hot fluids reduced gastric 311 emptying compared to cold beverages, and that faster initial emptying rates were reached 312 with higher bolus volumes (Costill & Saltin, 1974; Hunt & Macdonald, 1954; Vist & Maughan, 313 1994 , 1995 . Applying these observations to the current study it can be proposed that gastric 314 emptying rate would be increased with an increasing sodium content of beverages (above 33 315 mmol/L), reduced with an increasing energy/carbohydrate content (above 4-5% stimulate net water absorption (Hunt et al., 1992) . High carbohydrate solutions with high 322 osmolality will therefore delay gastric emptying, slow delivery of fluid to the intestine, and 323 cause net water secretion into the intestinal lumen. Water absorption appears to be 324 independent of carbohydrate at concentrations up to 6% (Gisolfi et al., 1992) . Applying these 325 observations to the present study would suggest that more concentrated sucrose solutions 
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The principal determinant of permeability, and consequently of water reabsorption, in the 334 collecting ducts of the kidneys is arginine vasopressin (AVP) (Bourque, 2010) . Aldosterone, 335 produced by the adrenal cortex, also stimulates sodium reabsorption in the cortical collecting 336 ducts (Stanhewicz & Kenney, 2015) . In the present study, the responses of aldosterone and 337 AVP to fluid ingestion were similar regardless of the content of sucrose, sodium or caffeine 338 within the beverages. AVP and aldosterone also did not change over time during the ingestion 339 or follow-up period. Thus, in the present work it can be concluded that differences in urine 340 output between sucrose beverages and between sodium-containing beverages are not 341 influenced by differences in renal water or sodium excretion. Thus, by studying participants in 342 a euhydrated state we have been able to isolate effects on fluid delivery/retention while removing potential interaction of hormonal controls. The differences in 2-h cumulative urine and the minimally important difference of 168mL calculated a priori. AVP (pg/ml) 3.5 ± 1.4 3.5 ± 1.1 2.9 ± 0.9 3.8 ± 0.9 0.22
Note: Data are presented as Mean ± Standard Deviation. 
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